Participants in a study of occupational exposure to mineral fibres in Slovakia were analysed for the polymorphism 23A!G in the DNA repair gene XPA. Of the 388 subjects, 239 were exposed to asbestos, stonewool or glass fibre; the rest were unexposed controls. Levels of DNA base alterations (oxidation and alkylation) in lymphocytes were measured using the comet assay with lesion-specific endonucleases. 8-oxoguanine DNA glycosylase (OGG1) DNA repair activity was measured, as incision activity of a lymphocyte extract on DNA containing the OGG1 substrate 8-oxoguanine. Presence of the A allele was associated with higher levels of DNA damage (sites sensitive to formamidopyrimidine DNA glycosylase, endonuclease III or 3-methyladenine DNA glycosylase II) as well as with higher activity of OGG1 repair enzyme. DNA base damage increased with age, showing highly significant correlations when the whole population or subgroups of the population were analysed. OGG1 repair activity also increased with age, but when analysed according to XPA genotype, the increase was observed only in those individuals with an A allele. Although XPA is known as a protein involved in nucleotide excision repair of UV-induced damage and bulky DNA adducts, it may also have a role in the repair of oxidized bases.
Introduction
Different kinds of DNA damage in mammalian cells are dealt with by different repair pathways. Bulky adducts and helix distortions in DNA are substrates for nucleotide excision repair (NER), whereas smaller lesions such as oxidized or alkylated bases are recognized by specific glycosylases at the initial stage of base excision repair (BER). The NER pathway has been particularly well characterized and is known to involve about 30 polypeptides (1) of which several were identified by investigation of the genetic defects in the rare human disease xeroderma pigmentosum (XP). One of the components in this pathway is XPA, a 32 kDa zinc-finger DNA-binding protein, which interacts with several of the other NER proteins (2) . The mechanism of damage recognition is not entirely clear (3) . Wakasugi and Sancar (4) assessed the binding to damaged DNA of different combinations of these repair proteins. They describe a model in which initial recognition of damage is carried out by replication protein A (RPA) or a complex of RPA and XPA; with the subsequent addition of XPC and transcription factor IIH (TFIIH), a stable pre-incision complex, of high specificity, is formed. XPG and XPF-ERCC1 are then added to the complex and perform the dual incisions on either side of the bound lesion. However, the widely accepted view now is that damage recognition is accomplished by XPC, together with the protein hHR23B; after binding of this complex, XPA is involved in verification of the damaged substrate and positioning of the endonucleases (XPG and XPF-ERCC1) for excision of the damage-containing oligonucleotide (5) .
Mutations in XP genes, causing more or less complete lack of NER, are very rare and account for the extreme sun-sensitivity and incidence of skin cancer in XP patients (6) . There are, however, common polymorphisms in XP that, if they change the amino acid sequence of the protein or level of expression of the gene, may have more subtle effects on the efficiency of NER and, hence, influence individual risk of cancer. Butkiewicz et al. (7) described two polymorphisms in XPA: one occurring at a frequency of just over 1% and causing a substitution of A for G at position 709; and another much more common variant, in the 5 0 non-coding region of the gene (position 23, 4 nt before the ATG start codon), where A and G are found at roughly equal frequencies.
Park et al. (8) carried out XPA genotyping on 265 lung cancer patients and 185 healthy age-matched and sexmatched controls. They found that the XPA 23GG genotype was associated with a significantly decreased risk of lung cancer when compared with AA and AG genotypes combined. An apparent protection against lung cancer was also reported by Wu et al. (9) . In their comparison of 695 lung cancer patients and 695 matched controls, the presence of one or two copies of the G allele was associated with a lower risk of lung cancer, significant for Caucasians and Mexican-Americans though not for African-Americans. A Caucasian subset of this population was previously assessed for NER capacity using a host cell reactivation assay based on the ability of lymphocytes to repair benzo[a]pyrene diolepoxide adducts in transfected plasmid DNA (10) . For 284 of the Caucasian cases and 376 controls, it was possible to relate repair capacity to genotype. In the control group, but not the cases, presence of the G allele was associated with significantly higher repair rates (9). Butkiewicz et al. (11) also observed an increase in lung cancer risk in subjects who had the AA genotype-significant in heavy smokers and occupationally exposed subjects, which implies an interaction between environmental insult and genotype. The Fibretox project (funded by the European Commission) examined the effects of occupational exposure to mineral fibres on various biomarkers, including DNA damage and repair. In view of the link between asbestos exposure and lung cancer, we decided to study the relationship between phenotypic biomarkers and XPA genotype. A total of 239 workers with occupational exposure to asbestos, stonewool or glass fibre were investigated along with 149 unexposed subjects. The comet assay-a simple, sensitive method for measuring DNA breaks-was used in conjunction with lesion-specific glycosylases/endonucleases to measure, in addition to breaks, oxidized pyrimidines, oxidized purines and alkylation damage in the DNA of lymphocytes (12,13 and our unpublished results). We also measured the activity of the repair enzyme 8-oxoguanine DNA glycosylase (OGG1) using an in vitro assay with DNA containing 8-oxoGua as a substrate.
Materials and methods
Subject selection and sampling Workers at industrial plants in three towns in Slovakia (Nitra, Nová Baňa and Trnava) with at least 5 years exposure to asbestos, stonewool or glass fibres were recruited for this study (12, 13 and our unpublished results). We investigated 239 workers in three factories with occupational exposure to asbestos (n 5 61), stonewool (n 5 97) or glass fibre (n 5 81), together with 149 controls matched for age, sex, alcohol and cigarette use. Controls came from factory administrative staff with no history of exposure to fibres: 43 in the stonewool factory and 36 in the glass fibre factory. In the case of the asbestos factory, only 21 administrative staff were available, and therefore 49 matched local residents not connected with the factory were recruited to make up the required number. (These two subgroups did not differ in the measured parameters.) The sampling was carried out in September 2000 (asbestos-exposed and stonewool-exposed subjects and controls) and in September 2001 (exposed subjects and controls from the glass fibre factory). The participants were interviewed by trained personnel and answered detailed questionnaires relating to duration of fibre exposure, smoking, alcohol consumption, nutritional habits and lifestyle. Smoking status was confirmed by cotinine measurement in urine. All workers underwent clinical examination, including a functional spirometry test, radiological and immunological examinations; a manuscript describing these clinical results is in preparation.
From each subject 30 ml of blood was obtained by venepuncture. A urine sample was used for measurement of cotinine to determine smoking status. The blood samples were used for extraction of DNA (for genotype analysis), and separation of plasma (for various biochemical measurements), as well as to obtain the lymphocytes employed in the studies reported here.
All study participants signed an informed consent form. This study was approved by the Ethical Committee of the Research base of the Slovak Medical University (the Institute of Preventive and Clinical Medicine) in Bratislava.
Isolation of lymphocytes
After centrifugation of blood for collection of plasma, the buffy coat was recovered and mixed with RPMI 1640 medium with 10% fetal calf serum (FCS) before layering over an equal volume of Lymphoprep (Nycomed, Oslo, Norway) and centrifuging at 7003 g for 20 min at 20 C. The layer above the Lymphoprep, containing lymphocytes, was removed, diluted with medium and centrifuged at 7003 g for 15 min at 20 C. Lymphocytes were used immediately for estimation of DNA damage, while surplus cells were suspended in 90% FCS and 10% DMSO, divided into aliquots and frozen slowly to À80 C. For the DNA repair assay, lymphocytes (5 3 10 6 in 50 ml aliquots) were snap-frozen in liquid nitrogen in 45 mM HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol and 10% glycerol, pH 7.8.
Measurement of DNA damage
The comet assay (single cell alkaline gel electrophoresis) (14) was applied to freshly isolated lymphocytes; >90% of cells were intact as indicated by the trypan blue test. Briefly, cells embedded in agarose on microscope slides were lysed to produce nucleoids, and electrophoresed in alkali. DNA loops containing breaks extend under electrophoresis to form 'comet tails', and the relative intensity of DNA in the tail indicates the DNA break frequency. Tail intensity was assessed by visual scoring; 100 comets selected at random were graded according to degree of damage into five classes (0-4) to give an overall score for each gel of between 0 and 400 arbitrary units. In addition to frank DNA strand breaks, oxidized bases were measured by conversion to breaks using endonuclease III (which recognizes oxidized pyrimidines) or formamidopyrimidine DNA glycosylase (FPG, specific for altered purines including formamidopyrimidines and 8-oxoGua). The enzyme 3-methyladenine DNA glycosylase II (AlkA) was used in a similar way to analyse DNA alkylation. Net enzyme-sensitive sites were calculated by subtracting the comet score after incubation with buffer alone from the score with enzyme. Results from the asbestos and stonewool groups have been published (12, 13) .
Measurement of DNA repair
The assay for OGG1 activity (15) measures the ability of a cell-free lymphocyte extract to incise substrate DNA containing 8-oxoGua. The substrate was prepared by treating HeLa cells with the photosensitizer Ro 19-8022 (Hoffmann La Roche, Basel, Switzerland) at 0.2 mM plus visible light (4 min irradiation on ice at 330 mm from a 1000 W tungsten halogen lamp). These cells were then embedded in agarose and lysed as for the standard comet assay. To prepare the lymphocyte extract, the snap-frozen samples were thawed, and lysis was completed by adding 12 ml of 1% Triton X-100. The lysate was centrifuged at 13 0003 g for 5 min at 4 C. The supernatant was mixed with 4 vol. of 45 mM HEPES, 0.25 mM EDTA, 2% glycerol and 0.3 mg/ml bovine serum albumin, pH 7.8 and 40 ml aliquots were added to gels with substrate DNA and incubated for 10 min at 37 C. Alkaline treatment and electrophoresis followed as in the standard comet assay. The increase in DNA breaks at 10 min (relative to unincubated gels) was taken as the measure of repair incision for statistical analysis. Results from the asbestos and stonewool groups have been published previously (12, 13) .
DNA isolation and XPA genotyping Genomic DNA was isolated from frozen peripheral blood samples collected into potassium-EDTA-containing tubes (Sarstedt, Nümbrecht, Germany), using these standard steps: lysis of erythrocytes (0.32 M sucrose, 1% Triton, 50 mM MgCl 2 and 12 mM Tris, pH 12), lysis of lymphocytes (10% SDS, 5 M NaCl, buffer for proteinase K) followed by phenol-chloroform-isoamylalcohol extraction and ethanol precipitation.
The method for identifying the XPA polymorphism (rs1800975) was modified from ref. C for 5 min, followed by 35 cycles of denaturation (94 C for 30 s), annealing (58 C for 30 s) and elongation (72 C for 60 s), with the final cycle of elongation at 72 C for 7 min. Aliquots of 15 ml of the PCR product were then digested with 10 U MspI (New England Biolabs, Beverly, USA) for 6 h at 37 C in a total volume of 20 ml. The digestion products were separated by electrophoresis in 3% agarose gel. The A allele DNA was cut into two fragments (138 and 95 bp) and the G allele DNA into three fragments (108, 95 and 30 bp).
We selected 1 in 10 samples at random for repeated PCR-RFLP analysis and found 100% concordance.
Statistics
Correlation coefficients were calculated for relationships between two continuous variables. When normal distribution was rejected, then non-parametric Spearman correlation was used. For comparison of two groups, two-sample two-sided Student's t-test was used, or, when normal distribution was rejected, the two-sample two-sided Wilcoxon's test. For comparison of three groups, one-way analysis of variance and Bonferroni test (when equal variances were assumed) or Tamhane's test (when equal variances were not assumed) were used, or, when normal distribution was rejected, the Kruskal-Wallis test. Relationships between two discrete variables were assessed with the x 2 -test in contingency tables.
Statistical models were based on multifactorial analysis of variance.
Results
Association of XPA genotype with DNA base damage and repair Frequencies of the different XPA alleles and of the three genotypes AA, AG and GG do not differ between the exposed and control groups, or between men and women (Table IA) . They are in Hardy-Weinberg equilibrium. Table IB shows that, while strand breaks (SBs) were higher in exposed compared with control groups (all three factories combined), there was apparently no effect of exposure on the various kinds of DNA base damage. The data on DNA damage in the asbestos and stonewool factories were published previously (12, 13) ; data from the glass fibre factory are being prepared for publication. Table II shows the mean levels of DNA damage and DNA repair in the different XPA genotypes. There is a significant association of the AA genotype with elevated FPG-sensitive sites in the whole study population, in combined control groups, in women and in non-smokers and in control women. Comparing probands with A allele (either AA or AG) with those homozygous for G also shows significant differences, particularly in levels of FPG-sensitive sites. Endonuclease III-sensitive and AlkA-sensitive sites showed similar patterns; endonuclease III-sites were significantly associated with the AA genotype in women and in the non-smokers, while AlkaA sites were higher in exposed subjects, in women and in the subgroup of exposed women. The same trend (i.e. higher DNA damage in subjects carrying the AA genotype) was seen in almost all subgroups. DNA repair was significantly higher in subjects with the AA genotype overall, and in the AA control group, in AA non-smokers and AA control women; a trend in the same direction was seen in most subgroups.
Separate analysis of subgroups of subjects in individual factories showed few strong associations, as the subgroups were too small for effects to be statistically significant. The association of FPG-sites with the AA genotype was significant in asbestos town controls (P 5 0.03), endonuclease III-sites were associated with AA in men from the glass fibre factory (exposed and controls taken together) (P 5 0.04), and OGG1 DNA repair activity was associated with AA genotype in nonsmokers in the asbestos factory location and in the town controls (P 5 0.04 and 0.02, respectively).
Associations of DNA damage with age
In the whole population, as well as in exposed subjects, there is a strong correlation of age with AlkA-sensitive, FPG-sensitive and endonuclease III-sensitive sites (Table III) . Significant correlations are not seen in the control group (though they reappear when the men in the control group are analysed separately). The significant association of DNA base damage with age is seen in virtually all subgroups (men, women, smokers, non-smokers, exposed men, exposed women and control men). FPG-sites correlate with age in all stonewool factory controls (r 5 0.39, n 5 42, P 5 0.01), and a borderline association is seen in all stonewool factory subjects (r 5 0.15, n 5 140, P 5 0.07). A borderline association between endonuclease III-sites and age was found in asbestos exposed subjects (r 5 0.25, n 5 58, P 5 0.06) and in all from the stonewool factory (r 5 0.16, n 5 141, P 5 0.07).
Compared with base damage, SBs show less marked correlations with age; in the combined population (all three factories), correlations are seen in men, control men and non-smokers (Table III) . Looking at individual factories, SBs correlate with age in all subjects from the asbestos monitoring study (r 5 0.2, n 5 129, P 5 0.02) and in the asbestos-exposed group (r 5 0.3, n 5 61, P 5 0.02).
A statistical model based on FPG-sites as dependent variable, with age and genotype as covariates, was highly significant (P < 0.0001). FPG-sites depend on genotype (P 5 0.006). There was a relationship between age and FPG-sites (P 5 0.001) and a significant interaction between FPG-sites and genotype (P 5 0.02).
Association of OGG1 repair activity with age and genotype Repair activity in lymphocytes shows a significant increase with age in the whole population (r 5 0.1, n 5 375, P 5 0.04), as well as in all exposed subjects (r 5 0.14, n 5 239, P 5 0.04). The correlation is not strong. When the whole population was divided according to age ( 40, 41-60 and >60), the AA genotype was apparently more frequent in the oldest age group (Figure 1 ), but this is not statistically significant. However, the age-correlation is linked to genotype; a positive correlation with age is seen in the AA group overall and in women with the AA genotype (with a positive trend in non-smokers). A similar pattern of higher repair associated with age appears in groups with AG genotype, but, in GG individuals, there is no correlation with age (Table IV) .
A statistical model confirms that repair is associated with age (P 5 0.02).
Discussion
In our investigation of occupational exposure to asbestos (12), we found an increase in oxidized pyrimidines (endonuclease III-sites) in the DNA of exposed men, but no increase in oxidized purines (FPG-sites). When the data from all three factories (asbestos, stonewool and glass fibre) were combined for the present study, there were no significant Role for XPA in repair of oxidative DNA damage effects of exposure on DNA base damage (Table IB) . However, SBs were significantly higher in exposed subjects in the stonewool study (13) and in the combined population (Table IB) .
The number of subjects in the combined population is sufficiently large to investigate possible links between DNA base damage, repair of this damage and genetic susceptibility. Among the genes studied is XPA, in which, in three reports, a (8, 9, 11) . Our markers of DNA damage and repair relate to BER rather than NER, and so the association between them and XPA polymorphisms (reported here) is unexpected. In the absence of a pre-existing hypothesis, it is particularly important to consider the possibility that this association has arisen by chance. The strategy that we have adopted is to maximize the chance of finding associations by first studying the population as a whole. The population is then divided into subgroups and the analysis repeated; only if the same associations appear as significant in subgroups do we regard them as reliable.
According to this criterion, the associations reported here between 8-oxoGua (FPG-sites) and OGG1 repair activity and XPA polymorphisms are particularly strong. The presence of one or two A alleles leads to significantly higher levels of FPG-sites in the whole population, the control group, men, non-smokers, control men and control women. The pattern of links between OGG1 activity and XPA genotype is similar, with significant associations in the whole population, in unexposed controls, in control women and in non-smokers.
The frequency of the 23A!G polymorphism in our population is 60%. The A allele [sometimes referred to as wild-type (8) ] is thus the less common allele, as was also reported by Butkiewicz et al. (11) . According to the results of Wu et al. (9) , the G allele gives the more efficient repair protein (at least as far as NER is concerned).
It is noteworthy that the AA genotype [linked with elevated cancer risk (8, 9, 11) ] is associated with both a high level of FPG-sensitive sites and a high level of OGG1 DNA repair activity. FPG-sites are not exclusively 8-oxoGua, as FPG r, correlation coefficient; P, probability; and n, number of subjects in the group. Grey shading: P 0.05.
Role for XPA in repair of oxidative DNA damage recognizes FaPy-residues (produced by ring-opening of damaged purines) in addition to 8-oxoGua (16) . However, OGG1 has a similar substrate specificity (17) , and so FPG-sensitive sites give a good indication of the level of oxidative damage present as a substrate for OGG1. A hypothesis that would fit our observations is that XPA protein is involved in the repair of oxidative base damage. NER, and XPA protein in particular, might under certain circumstances act on damaged bases; in bacteria the UvrABC complex can repair oxidized purines when the DNA glycosylases are saturated or inactive (18) . In that case, if the XPA product is relatively lacking (in abundance or activity) when the A allele is present, this might in turn lead to a higher steady state level of oxidized bases, as we observed. The accumulation of 8-oxoGua might then lead to a compensatory increase in the activity of OGG1 in the BER pathway. The problem with this hypothesis is that the role of XPA in NER is thought to be damage recognition or verification; it is unlikely that XPA has a dual role in the recognition of such distinct kinds of damage as UV-induced intra-strand cross-links on the one hand, and oxidized bases on the other.
A possible role for proteins from the NER pathway in socalled transcription-coupled repair of 8-oxoGua in mammalian cells has been proposed in several reports, but the reliability of the evidence is under intense scrutiny (19) . The results we present here imply that there may in fact be an involvement of NER proteins (specifically XPA) in repair of 8-oxoGua, but the mechanism remains obscure.
In several cases (Table II , differences indicated by superscript letters), genotype seems to accentuate differences between controls and exposed, men and women, or smokers and non-smokers.
We found a weak (but significant) positive association between OGG1 repair activity and age. The generally accepted dogma is that repair activity should decline with age. However, experimental evidence for this is scarce, since reliable assays for repair that can be applied in population studies have only recently been available. The increase that we see here could be explained by an increase in the proportion of AA genotype with age, since DNA repair activity is higher in those with AA genotype. Such a shift was seen (Figure 1 ) but was not statistically significant. However, genotype does seem to have a significant influence; the association of OGG1 activity with age is stronger in those with AA or AG genotype. There is clearly a need for further investigation of this so far unexplained phenomenon.
